To study the behavior of hematopoietic stem cells in vivo, we transplanted glucose-6-phosphate dehydrogenase (G6PD) heterozygous (female Safari) cats with small amounts of autologous marrow. The G6PD phenotypes of erythroid burst-forming units and granulocyte/macrophage colony-forming units were repeatedly assayed for 3.5-6 years after transplantation to track contributions of stem cell clones to the progenitor cell compartment. Two phases of stem cell kinetics were observed, which were similar to the pattern reported in comparable murine studies. Initially there were significant fluctuations in contributions of stem cell clones. Later clonal contributions to hematopoiesis stabilized. The
significant fluctuations in contributions of stem cell clones. Later clonal contributions to hematopoiesis stabilized. The initial phase of clonal disequilibrium, however, extended for 1-4.5 years (and not 2-6 months as seen in murine experiments). After this subsided, all progenitor cells from some animals expressed a single parental G6PD phenotype, suggesting that blood cell production could be stably maintained by the progeny of one (or a few) cells. As the hematopoietic demand of a cat (i.e., number of blood cells produced per lifetime) is over 600 times that of a mouse, this provides evidence that an individual hematopoietic stem cell has a vast self-renewal and/or proliferative capacity. The long phase of clonal instability may reflect the time required for stem cells to replicate sufficiently to reconstitute a large stem cell reserve.
Hematopoiesis is the process by which stem cells differentiate into functional granulocytes, red cells, platelets, monocytes, and lymphocytes. Although certain cell surface determinants and proliferation characteristics of hematopoietic stem cells have been identified, these cells are generally defined by their ability to reconstitute and maintain blood cell production in vivo. Studies in mice, using competitive repopulation assays and/or retroviral tagging, have shown that a single donor cell can reconstitute hematopoiesis after lethal irradiation of the host animal (reviewed in ref. 1) . It is likely that the proliferative potential of such a cell is sufficient to maintain all hematopoiesis throughout the mouse's lifetime. In other studies, the kinetics by which stem cells reconstitute hematopoiesis after marrow transplantation have been assessed (2) (3) (4) (5) (6) (7) (8) . When small numbers of syngeneic cells are infused, there is an initial phase, which extends for 2-6 months after transplantation, in which multiple clones contribute sequentially to blood cell production. After that time, one or a few clones can dominate. This has led to the assumption that the unstable phase is brief and that subsequent hematopoiesis can be maintained by the progeny of one or few cells that have restored (perhaps via self-replication) the hematopoietic stem cell reserve (2) . Serial transplantation studies also support the concept that the stem cell compartment has recovered by 6 months (but not 1 month) after transplantation (9) . Many strategies for clinical transplantation and gene therapy are premised on the concept that similar stem cell kinetics exist in man.
As shown in Table 1 , the hematopoietic demand of a mouse is very small. A typical mouse (25 g) makes, in a 2-year lifetime, the same number of blood cells as does man in 1 day, raising the possibility that the stem cell kinetics in large animals are more complex. To investigate the evolutionary adaptation to increased size and longevity, we have studied stem cell behavior in cats heterozygous for the X chromosome-linked enzyme glucose-6-phosphate dehydrogenase (G6PD). A cat, in 8 days, makes as many red cells as the mouse over its lifetime (see Table 1 ).
Safari cats are the F1 offspring of Geoffroy cats (a South American wild cat) and domestic cats (of Eurasian origin). These cats have electrophoretically distinct phenotypes of the X chromosome-linked enzyme G-6-PD (13) . Because of X chromosome inactivation during embryogenesis, female Safari cats are cellular mosaics, and some of their somatic cells contain domestic-type G6PD, while other cells contain Geoffroy-type G6PD. In previous (control) studies of untransplanted cats, the percentage of progenitors with domestic-type G6PD did not vary significantly during 6 years of observations (P values < 0.05 with x2 analyses), suggesting that unperturbed hematopoiesis was polyclonal and stable (14) . Similar results have been reported in studies of man and mouse (15, 16) .
For this report, female Safari cats were transplanted with small numbers of autologous marrow cells. In this way, hematopoiesis was reestablished from a limited stem cell pool. By studying the G6PD phenotype of progenitor cells, the varying contributions of stem cells to this compartment were observed for 3.5-6 years after engraftment.
MATERIALS AND METHODS
Transplantation Procedure. F1 female offspring of Geoffroy male x domestic female cat matings were used for these studies. After marrow harvest, the cats (n = 6) received 920 centigrays of total body irradiation, and 1-2 x 107 autologous buffy coat cells (i.e., nucleated marrow cells) were reinfused. Prophylactic antibiotics were provided from day -7 until the time of engraftment, and transfusions of irradiated blood were given as needed for platelet support. Transplanted animals engrafted by week 3-4 (granulocytes > 500/,ul), whereas irradiated control animals failed to regenerate hematopoiesis, and these animals were sacrificed while persistently pancytopenic. After hematologic recovery, repeated marrow aspirates were obtained for analysis of the G6PD phenotype of erythroid burst-forming units (BFU-E) and granulocyte/ Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; SCF, stem cell factor; rh, recombinant human; rc, recombinant canine; CFU-GM, granulocyte/macrophage colony-forming unit; BFU-E, erythroid burst-forming unit; Ep, erythropoietin. tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. . For later studies, the cultures were supplemented with recombinant human (rh) erythropoietin (Ep; 0.5 unit/ml; Amgen) and recombinant canine (rc) stem cell factor (SCF; 2 ng/ml; Amgen) and not 5% FEF-A cell-conditioned medium.
BFU-E-and CFU-GM-derived colonies were enumerated after 10 days of culture at 37°C in 5% C02/95% air. Individual colonies were aspirated into micropipettes. Freeze/thaw lysates were placed on polyacrylamide gels and subjected to isoelectric focusing (3 W per gel for 2.5 hr). The gels were then stained for G6PD activity, and the phenotypes of progenitors were deduced from the locations of the bands (13, 14 (14) supplemented with rcSCF (5 ng/ml) and 10 ,uM hydrocortisone. The 25-cm2 flasks were incubated at 37°C in 5% C02/95% air, fed twice each week, and demidepopulated once weekly. At these times, nonadherent cells were cultured in methylcellulose, and GM colonies were analyzed for the G6PD phenotype (13) . Alternatively, low-density (<1.060 g/ml) marrow mononuclear cells were placed on preformed irradiated allogeneic feeder layers using the long-term marrow culture methods of ref. 
RESULTS
Clinical Observations. After irradiation and transplantation, all cats became pancytopenic but recovered normal peripheral blood counts by 4-6 weeks. Complete blood counts were generally monitored every 3-4 weeks after hematologic reconstitution, and all animals remained hematologically normal throughout the duration of the study (3.5-6 years).
G6PD Analyses ofProgenitor Cells. The data for three animals (40004, 40005, and 40006) that were obtained during the first 1-1.5 years after transplantation have been reported (14) . Wide fluctuations in G6PD phenotypes of progenitors were seen between repeated samples, and P values were <10-7 (when the hypothesis that proportions were constant over time was tested with X1 analyses) (Fig. 1A and B and ref. 14). As the variation was patterned (and did not appear sporadic or random), these data supported the hypothesis that hematopoiesis was maintained by small and changing populations of stem cell clones (14) . Significant fluctuations were also seen during the initial studies of cats 40628, 40629, and 40665 (Fig. 2) . During the long-term follow-up, the fluctuation in the G6PD phenotype of progenitors stabilized in all animals.
Stabilization occurred between 1 and 4.5 years after transplantation ( Fig. 1C and cat 40665, Fig. 2 ). In each cat studied, the mean percentage of progenitors with domestic-type G6PD in the observations obtained after the clonal disequilibrium subsided was different than the mean percentage observed prior to transplantation (P <10-6 using a z test for comparing binomial proportions).
G6PD Analysis of Peripheral Blood Cells. Fig. 3 These data were computed with repeated X2 analyses beginning at 10 weeks after transplantation and including data from all subsequent observations. The time when clonal disequilibrium stops was established as the timepoint where subsequent determinations showed nonsignificant variation about the mean value for the remaining data.
To assure the validity of this assessment, all calculations were repeated excluding the computed binomial variation rejection point from the data set. In all circumstances (except cat 40004), this manipulation identified the preceding data point as the new binomial variation rejection point. In studies of cat 40004 (see Fig. 1C (1995) tation, it is likely that hematopoiesis was maintained by the progeny of relatively few cells, as anticipated from the experimental design.
These observations suggest that the pattern of stem cell kinetics after transplantation in cats is analogous to the pattern of stem cell kinetics after transplantation in mice. There is an initial phase of clonal disequilibrium followed by a second phase in which stem cell contributions to hematopoiesis remain stable. The time frame, however, is disparate. Clonal disequilibrium extends for 1-4.5 years when cats are transplanted with small numbers of autologous cells and not 2-6 months as seen in murine experiments (2-4, 6, 7) . We hypothesize that this is the length of time that is required for transplanted stem cells to replicate (i.e., self-renew) and completely reconstitute the large hematopoietic stem cell reserve. These kinetics, when extrapolated to man, could complicate strategies for gene therapy targeting hematopoietic stem cells.
As importafitly, data from cats 40005 (Fig. 1D) and 40006
suggest that a single (or few) clones can stably maintain all hematopoiesis in cats. Given the large hematopoietic demand in cats (vs. mice, see Table 1 ), these data imply that a normal hematopoietic stem cell has an enormous self-renewal and/or proliferative potential.
